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Abstract
With the increasing demand for smaller devices that can perform faster and more
reliably there is a need to explore options that allow for this combination in spite of the
fact that smaller size tends to lead to a reduction in reliability and overall device
performance. High electron mobility transistors (HEMTs) have proven superior to
MOSFETS and BJTs in the areas ofvoltage and temperature ranges in which they can
operate as well as their high breakdown fields, carrier density and velocity saturation.
Studying HEMTs and understanding their constraints and how they respond to variations
in their makeup and in the environment in which they will be used can help to make the
best possible choices in fabricating these devices as well as pushing the envelope to make
them better.
In an attempt to study III-V heterojunctions in general, and AlGaN/GaN
heterojunctions in particular, a numerical solution to the coupled Poisson-Schrddinger
equations will be presented.
The focus of this work was the AlGaN/GaN heterostructure where an extra boost
in channel carrier concentrations is achieved through polarization compared to
AIGaAs/GaAs heterostructures. The goal is to eventually make this model applicable to
any III-V heterojunction by adjusting the material parameters such as doping
concentrations, buffer layer and spacer layer thicknesses and lattice constants. At this
point, the model has been built around and tested for both AlGaN/GaN and AlGaAs
devices.
ui
Once the coupled Poisson-Schrddinger equations are solved the charge control
characteristics of the device, including carrier concentrations and distribution, gate
voltage for the given surface potential, and threshold voltage can be calculated and the
charge control characteristics can then be obtained.
Temperature variation was also added to the model to observe how the device
reacts for a given change, which can be experienced from environment as well as from
self-heating effects.
iv
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1.1 Introduction
Every day in the world ofelectronics, devices are getting smaller and faster. The
task now is to try to achieve both of these goals while getting the best possible
performance from the device. A solution to achieving both of these goals is the
heterojunction field-effect transistor (HFET), one type ofwhich is known as the high
electron mobility transistor (HEMT) for reasons that will be explained below. HEMTs
are formed by sandwiching an undoped spacer layer between a doped layer of the same
material that will provide carriers to the channel for conduction and an undoped channel
layer ofa different material (Figure 1.1).
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Figure 1.1b: HEMT band diagram. S is the spacer
layer thickness. Ei, E2, E3 are the valid energy levels
in the quantum well.
The band gap of the buffer layer is typically larger than that of the channel layer,
which aids in the formation of the conduction channel. Making the spacer layer to be of
the same material as the buffer layer ensures that the quantum well does not form at the
junction with the buffer layer. When the materials are joined, a quantum well forms at the
junction of the spacer layer and the channel layer as the structure seeks to find
equilibrium [1]. Carriers from the buffer layer will flow to this well where they will then
be available for conduction. The spacer layer separating the buffer and channel layers
protects the carriers from impurity scattering. The more highly a material is doped, the
more carriers there will be available for conduction. However, if the carriers inhabit the
same space as the dopant atoms, more carriers in the area also translates to more
scattering. In a HEMT structure, where the carriers are removed and kept separate from
the dopant atoms, the amount of scattering in the channel is greatly reduced. In this way
the electrons will travel farther and build up more speed than they would be able to do
without this spacer. Now the major cause of scattering will be phonon scattering induced
by temperature fluctuations [1]. The fact that carriers can reach top speeds in HEMT
devices makes these structures very attractive for RF applications, and is also the reason
behind the structure's name.
Within the quantum well, discrete energy levels limit the energy levels that the
electrons can have [21]. The higher the energy level, the fewer the number of electrons
that will reside at that level because going to a higher energy level would require the
electrons to obtain that much energy. As long as there are positions available at lower
levels, that is where the electrons will go. Any energy level that falls below the Fermi
level, Ef, will be nearly completely filled, while those above Efwill be only partially
filled. Electrons in the channel layer are confined to a two-dimensional (2D) motion
traveling along the y- and z-axis (as defined in Figure Lib), but not in the x direction
because the carriers are confined in the well along this axis. For this reason, the carriers
have been termed two-dimensional electron gas (2DEG).
1.2 Nitrides
1.2.1 Properties ofGaN
While HEMT devices are not new, the use ofnitride-based HEMTs is relatively
new. GaAs and InP are very popular compounds that are widely used at speeds of
anywhere from 800 MHz to 100 GHz [2] while GaN has been reported to show cutoff
frequencies of 121 GHz.
Table 1.1: Comparison ofSemiconductor Compound Properties [23, 25]
Parameter GaN SiC Si GaAs InP
Breakdown Field (Vcm"1) 5x1
0b 1x106 3*lOb
4x1
0b 5x10b
Bandgap (eV) 3.42 2.36 1.11 1.43 1.344 j
Electron Mobility (cm2A/s) 1100 900 1400 8500 5400
Relative Dielectric Constant 10 9.66 11.7 12.5 12.5
vSat
(x107
cm/sec) 1.45 2.5 1 0.7 1.5
Thermal Conductivity (W/cmK) 1.7 4.9 1.3 0.54 0.68
Even so, GaN is not yet commonly used because it is still very early in its development
and it is not yet practical financially or as regards the overall understanding of long-term
stability and reliability ofdevices using this material. GaN HEMTs hold several
advantages over other III-V devices such as low intrinsic carrier concentration, high
breakdown fields1, very high carrier density and high saturation velocity. The wide
bandgap of the material allows for higher voltages and temperatures to be applied to the
device, opening the range of applications for which it can be used. However, there are
drawbacks as well, as mentioned in [2]. One of these drawbacks is current slump. Current
slump is where channel charge is lowered, and subsequently lowers RF power and
efficiency. This is presumably caused by the reduction ofcarriers due to deep traps in the
buffer layer [3]. Another seeming disadvantage of the GaN system is that the mobility is
not as high as that of the GaAs system, as seen in Table 1 . This is due both to the larger
number ofcarriers and the larger number ofdefects in the nitride-based material [27].
An interesting aspect ofnitride-based devices in particular is that even without
doping the buffer layer, a 2DEG will still be generated. Given this feature, it is clear that
GaN devices would generate more carriers than a device composed ofa non-nitride-based
compound. The source of this 2DEG is not fully understood, though some say that it is
the result of surface states [2, 4]. Koyley and Spenser [4] approached this issue by
concurrently observing the changes in the Bare Surface Barrier Height (BSBH), or, the
barrier height in the area of the surface between the device contacts, and the 2DEG with a
varying AlGaN buffer layer thickness. They flashed UV light on the device and read the
transient response to obtain their measurements. They found that BSBH and 2DEG grew
linearly with both saturating when the buffer layer reached about 200 A thickness.
Increasing the buffer layer thickness lowers the Fermi level and therefore empties more
surface states, which then contribute to the 2DEG density [1,4]. Passivating the bare
1 See Table 1 The breakdown field, VBd, for GaN is a full order ofmagnitude above that of either GaAs or
InP.
surface was found to decrease the BSBH, but increase the 2DEG concentration. This is
important in the structure design because the spacer layer should be thick enough to
create a separation between the buffer layer and the 2DEG in the channel layer to
optimize the performance of the gas, and thin enough to ensure that the carriers can
actually make it to the channel layer as opposed to forming a parasitic channel within the
spacer layer. Though the structure observed by [4] did not utilize a doped buffer layer, as
one was not necessary to get the 2DEG concentration to appear, similar considerations
should apply when the spacer layer appears between a buffer layer and a channel layer.
1.2.2 Polarization
Another consideration ofAlGaN materials is the contribution ofpiezoelectric and
spontaneous polarization of the junction to the device properties. These two effects add
extra field terms to the standard Poissonequation2so that a stronger field will be formed
for these devices over those that do not have this added source of charge [5].
These effects are most significant when the structure is grown on the [0001]
direction as this is the growth direction for which the heterojunction has a wurtzite
structure and, subsequently, where both the spontaneous and piezoelectric polarization
are strongest, allowing for the full benefits ofusing a AlGaN/GaN heterojunction
[5, 6, 7]. It is the low symmetry of the wurtzite structure that gives rise to the strain
within the structure. This strain is spontaneous polarization and will be present whether
Equation (2.1) ofChapter 2.
piezoelectric polarization is present in the system or not. For the zincblende growth
[111], spontaneous polarization will not be very strong at all.
It should also be noted that not only does the growth direction [1 1 1] vs. [0001]
affect the properties of the material, but that the final face put on the layer does as well.
Different results will be obtained from Ga-faced structures (those with Ga as the top layer
of the GaN layer to interface with the AlGaN and that are referred to when specifying
[0001] grown materials) as opposed to aN-faced structure with nitrogen atoms as the
interfacing layer, which is grown in the [0001] direction. These effects are described in
[28].
Piezoelectric polarization arises from the strain between the materials. Two types
of strain were called out in [27]. One of these sources results from lattice mismatch
between materials. The materials chosen and the mole fraction of the dopants used will
affect this source of strain.
In an AlGaN/GaN system, if the buffer layer has a mole fraction of0.05 then the
buffer layer will be more closely matched to the channel layer and strain will be kept to a
minimum. For higher values of the mole fraction, the strain will increase leading to a
higher field and thus produce more benefits. However, once the mole fraction reaches
approximately 0.35 to 0.4, the number ofdefects present in the material begins to rise to a
point that it is no longer beneficial to device performance and so further raising the mole
fraction past this point begins to work against the device performance. [27, 28].
Assuming a growth method that minimizes the number ofdefects in the material is used,
models using lower mole fractions will match more closely to experimental data since the
structure will be closer to ideal with regards to defects and the experimental and modeled
structures will then be more closely matched.
The second source of lattice mismatch would result from thermal mismatch
between the materials, which causes a strain between the materials when the structure
cools (or alternately heats up). This would be seen at the GaN/nucleation layer and the
AlGaN/GaN interfaces. Temperature effects will be taken into account in this model.
As can be seen from Sacconi's conduction band plots as represented by Figure 1 .2
[5] adding the polarization terms is very important in this system. Ifnot, calculations
done on this system would grossly misrepresent the system. Without the added field, the
carrier concentration would be underrated and the solution to the Poisson equation would
produce a well more shallow than it should be, or, as shown in Figure 1 .2, not actually
present at all.
0 100 200 300 400 500 600 700 800
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Figure 1 .2 Change in the conduction band plot based on polarization represented in the Poisson equation.
The solid line represents the conduction band with both spontaneous and piezoelectric polarization
accounted for. The dotted line accounts for the conduction band lot when spontaneous polarization is not
accounted for. The dashed/dotted line shows the conduction band where neither spontaneous nor
piezoelectric polarization is being considered. The Fermi level, Eris marked.
From the Poisson equation, the conduction band would not be well represented and so
Schrddinger's equation would not effectively predict the eigenfunctions and eigenvalues
of the system. Because of these errors, the carrier calculation would be far off from what
could be expected and thus subsequent calculations of I-V and C-V characteristics would
not be accurately represented for the system. As mentioned, the polarization charge will
be added as an additional field term in the Poisson equation. The details of this will be
further investigated in Chapter 2.
Bernardi [6] laid out four advantages ofusing GaN over other III-V materials in
heterojunction devices:
1 . The piezoelectric polarization in GaN junctions can be as much as 1Ox that
in other III-V junctions3;
2. Spontaneous polarization in nitride compounds is very large; again, this
adds to the overall charge in the system;
3. Unlike other III-V compounds, nitride compounds have a larger internal-
strain ionic term than the damped ion term; and
4. Nitride compounds have a much larger piezoelectric response than other
III-V compounds.
3
[5] reported a 5x increase
1.3 Literature Review
Even with these benefits, attempts have been made to get even more
improvements out of these systems. One way to boost the advantages of the nitride-based
structure was to delta dope it.
Kahn et al. [8] found that the physical device performance fell short of the
expected performance as a result of resistance in the physical device, which limited the
availability of sheet carriers. As such, they used delta doping to combat this. In this case
they chose to dope the channel layer. No mention was made of impurity scattering in the
region as a result of this decision, but they did mention that the carriers were able to reach
saturation velocity. This method allowed for a higher sheet charge product and a higher
breakdown voltage.
Cheng et al. [9] attempted delta doping to improve the device performance in
power applications. They boosted performance even farther by testing not just delta
doping, but delta doping in a double junction where they chose to put the doped layer in
the buffer layer rather than in the channel. These two improvements combined can lead to
a doubling of the carrier density over single junction HEMTs. They obtained a higher
drain current with a smaller threshold voltage, but the tradeoffwas that the high delta
doping that lead to these improvements reduced the transconductance. In the end, they
had to find the optimal doping levels for the two delta-doped layers to get optimal
performance from the device.
Finally, Fu, Wang, and Willander [10] used delta doping with a GaAs
heterojunction in conjunction with the concept ofa quantum dot. Quantum dots are very
small areas, on the order ofnanometers in diameter, that are etched into a material to
confine carriers. In the same way that a quantum well reduces the carrier energy spectrum
from a three dimensional continuum to two dimensional discretized energy levels where
movement is confined to the well, quantum dots confine electron "movement" to the
small space of the quantum dot with zero degrees of freedom [26]. Fu, Wang, and
Willander etched trenches into their heterojunction structure and used multiple gates
around the intended "dot" where the dot is then realized by applying negative voltage on
all of the gates around the etched area. This allowed them to control both the size of the
quantum dot and the number ofcarriers in the channel. To get even more improved
results in carrier concentration and mobility the delta doped layer was combined with an
InGaAs layer which created a "bowl" in the conduction band allowing for increased
electron confinement thus increasing carriers contributing to 2DEG concentration. This
makes sense as it has been observed that the shape of the well will play a role in
deterrnining the carrier density therein [11].
Delta doped HEMTs, though they offer improved performance, will not be
considered here. This work will focus on a HEMT of the structure presented in Figure
1.1a. Sacconi et al. [5] considered such a structure with respect to the calculation of the
self-consistent Schrddinger-Poisson equation, which they then used to calculate the I-V
characteristics of the HEMT. They did not delve deeper into temperature dependence of
the structure, which can lead to significant changes such as a reduction in 2DEG
mobility, reducing carrier velocity and the structure's current and transconductance [3].
They also did not investigate the effects ofpolarization on other system parameters.
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Trellakis et al. [12] used an approximation scheme to solve for ris, the sheet
carrier density, while saving calculation time. Their work formed a basis from which [5]
structured their calculations. With calculation time being a difficult constraint in solving
this system ofequations, it's not surprising that others have also investigated ways to
speed up this process. Cole, Boettcher, and Snowden [13] created an approximation to
speed up the calculations and reduce the effort, computationally, of solving the coupled
equations. Meanwhile Lui and Fukuma [14] used a series ofmatrices to solve
Schrddinger's equation analytically. This method would save time and effort in solving
the Schrddnger equation for a HEMT with a potential well whose approximated shape
has a known Airy function.
A concern that was addressed by Ando et al. [15] was the problem ofpotentially
divergent wave function solutions. They used a cost function in their analysis, which
would ensure that the numerical solution to Schrodinger would converge. This method
was not tested on a nitride compound or on a quasi-triangular well, so its reliability in
those cases cannot be vouched for here. Eigenfunction divergence is a problem that was
encountered in the model to be presented as well.
Ma et al. [16] focused on the validity of the triangular well approximation
(TWA), which tends to be used for analytical models. Though they tested this on a
different structure, HEMTs and MOSFETs share many physical properties and the
assumption here is that the conclusions reached in [16] will also apply to the HEMT
structure. They found that assuming the TWA worked well for predicting the surface
electron concentration, ns, and surface potential, *PS> if all parameters are chosen well, but
11
the analytical model failed in finding the carrier distribution profile, and the inversion
layer centroid, and for use at flat-band voltage.
Another MOS based study involving the self-consistent Schrddinger-Poisson
equation was that of Janik and Majkusaik [17]. They found that quantization strongly
affects the electron distribution at the surface. Classically the distributionwould peak at
the interface, but the quantum mechanical analysis puts the peak some distance away
from the interface. This seemingly small difference affects the amount of inversion
charge, the threshold voltage, band bending, and the mobility. With all of these things
depending on the presence or lack ofdiscretized energy levels, quantum analysis would
seemingly give a more accurate result over the classical approach.
Finally, Chang and Fetterman [18] proposed an analytic model that included a 2D
solution to the Poisson equation and parasitic resistances in the channel layer with very
good agreement to experimental data. They focused on the GaAs structure, however, so
the results did not verify how well this method would agree with experimental data for a
GaN structure.
1.4 Proposed Work
As device size continues to get smaller and smaller in physical dimension, the
quantum effects become more and more important [17]. As has been stated, these
quantum effects can have a big impact on the outcome of some parameters and so in this
work, the junction will be considered through analysis of the coupled self-consistent
12
Schrddinger-Poisson equations. This work will have a base in [23] and expand on it by
solving numerically to include the quantum effects in the equations.
Solving these equations numerically will take away any inaccuracies that come
about as a result of the approximations used in analytical solutions. Also, there should be
fewer conditions binding this model than there are for those used to make classical
solutions valid. For this reason, the model should be applicable to a variety ofcases.
The models presented primarily focused on one aspect of the heterojunction or
another. Pulling from the observations made by others ofways ofapproaching
Schrddinger's and Poisson's equations or on the effects of temperature, or even how
different materials may have different properties, the proposal is to tie together a few of
these aspects. The model will tie the effects of temperature changes and polarization
variability into the numerically solved self-consistent Schrddinger-Poisson equation.
Temperature can affect many aspects ofa junction, from the strain between the materials
to the density and mobility of the carriers. As such, this would be a crucial parameter to
include in the analysis. Polarization effects will vary from material to material and are
based on the physical structure of the device. Given that polarization strength will affect
the density of carriers available for conduction, this would also be an important parameter
to include when considering the behavior of the device.
The model will be verified with experimental data available through literature.
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1.5 Thesis Layout
Chapter 1 was an overview of the basic information on HEMT devices and nitride
material properties in particular. Chapter 2 will cover the analysis of the system. Chapter
3 will describe the model that was created to represent the device. Chapter 4 will show
the results and Chapter 5 will cover conclusions and opportunities to expand on this
thesis.
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2.1. Introduction
The numerical solutions to the Schrddinger and Poisson equations will be used to
find the conduction band and surface electron density distribution. The equations are
coupled self-consistently so that they update
each other until the electron concentration
converges. This process is shown in Figure 2.1.
This system ofequations will ultimately be
investigated in depth with an AlGaN/GaN
heterojunction in order to take advantage of the
additional polarization sources in that material.
To start, though, AlGaAs/GaAs will be
modeled. From a working GaAs model, the
GaN model will be created by making
adjustments to the Poisson equation to account
Schrddinger
Equation
1
;; I n( v \dx
Has
co live
Enc
Figure 2. 1 ; Coupled self-consistent
Schr6dinger-Poisson equation system
ofequations.
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for the additional charge from the polarization of the nitride compound. The effects of
this small change will filter through the rest of the equations.
2.2. The Poisson Equation
To start this system ofequations, a surface potential is plugged into the Poisson
Equation (2.1) [1, 19].
-f=L-_^p_ll+N:_N:) (2J)
ax dx ss
In this equation, q is the electron charge, es is the permitivity of the material, p is the
density ofholes, n is the density ofelectrons in the material, andN/ and
Na~
are the
ionized donor and acceptor atoms, respectively. The assumption is that the buffer layer is
n-type and the channel layer is unintentionally doped slightly p-type. Because there will
not be a significant source of ionized donors in the p-type channel layer, and the Poisson
equation is observed from the channel material, the Nj term will fall out of the equation.
As such, the Poisson equation in the channel layer becomes:
C^r = -(p-n-N;) (2.2)
dx'
ss
The hole concentration is represented by the concentration of the unintentional doping in
the channel layer under the quasi-neutrality approximation. The first time through the
coupled equations, the sheet carrier concentration is taken to be the classical
approximation as expressed in Equation (2.3).
//,= (2.3)5
V,
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where n; is the intrinsic carrier concentration and Na is the concentration ofunintentional
doping. This ns value is only used as a placeholder the first time through the cycle. Once
the numerical calculations are made for the surface carrier concentration and,
subsequently, the carrier distribution, this value is used in place of the classically
calculated value.
The Poisson equation will be calculated many times over throughout the length of
device in order to get position-specific measurements to develop the band diagram. To do
this a mesh needs to be created. The first step is to determine the necessary GaN layer
thickness. A thickness of two times the depletion region width was chosen because this
width would ensure that the GaN bulk would be neutral and unaffected by any of the
charge balancing that will occur at the front end of the device. This model does not take
the body connection into consideration, and ensuring that the GaN layer is thick enough
helps to avoid that complication. The GaN layer is then divided into N equal parts. The
larger N the smoother the resulting plots, but that also increases the time it takes the
calculations to run. A balance must be struck between speed and accuracy.
The Fermi level (Ef) is related to the electron and hole distribution through
Equation (2.4).
e
EfEi qijiU)
kT = e
kT (2.4)
where , is the intrinsic energy level, k is Boltzmann's constant, T is the temperature in
degrees Kelvin, and^(x) is the potential for a given location, x, into the structure. Here x
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will be determined by the size of the mesh. Considering this, the electron concentration
for a specific point would be represented by
n2 EfE' 2 #w
n(x) = -^e
kT
=-i-e
kT (2.5)
while the hole concentration for a specific point is represented by
p =
NaekT
=Nae
'
(2.6)
Plugging Equations (2.5) and (2.6) into Equation (2.2), it is clear, as seen in
Equation (2.7), that the Poisson solution will go to infinity once^(x) has any significant
value whether the potential is positive or negative.
d2V(x) a -^ if qJ^
dx~
ss Na
This did, in fact, prove to be a problem when doing the initial Poisson equation
calculations. While the first two mesh points calculated provided good results, as verified
by the resulting carrier concentration vs. gate voltage plots, subsequent points increased
without bound.
The next attempt was to solve the Poisson equation through a method outlined in [19] as
described below.
2.2.1. The Finite-Difference Solution
To plot a proper conduction band diagram, the desire was to find a method that
would not diverge for larger values of surface potential. The Poisson equation, as a
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second order differential equation, can be solved by the finite-difference method as
shown in Equation 2.8 [19, 20].
d2V(x)_<t>(xl_l) + <f>(x,+l)-2<fi(xl)
dx2 (Ax:)2
(2.8)
This can then be represented by the matrix equation AO = R(<D) where, for a structure
with n mesh points, A is a square (nxn) matrix representing the coefficients for the right
hand side of (2.8), O is a matrix of the potential experienced at a given point along the
structure, and R is represented by
R = ^-(p(x) - n(x) -N-a) = ^~
s.
Ne kT
2 i]</H .v )
* v
TV
By the nature of the finite difference equation, (2.8) becomes
(2.9)
1 0 0 0
1 -2 1 0
0 1 -2 1
0 0 1 -2
0 0
0 0
0 1
<j>(xx)
to)
= R
to,)
toJJ/
(2.10)
with the boundary conditions that </> (xi)
= R(xi) = <j> (x = 0) so that at the surface of the
device, the surface potential is fully felt, and </> (x)
= R(xn) = <t> (x > 2w) where w is the
depletion region width, placing the last mesh point well into the bulk where the surface
potential would have no effect on the device.
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Using this method R need only be calculated explicitly once, for the initial point
one removed from the surface. Each subsequent mesh point is calculated based on the
result of the points before and after the point under consideration. The solution is no
longer based on an equation that depends on those exponential terms past the initial
calculation, so the issue of the solution diverging rather than converging is corrected in
this way.
The classical solution sufficed to accurately represent the potential and resulting
conduction band profile for the buffer layer [1].
q<t>GAx) = -
q2Ndx2
|
qss2E0y
[
fNdSx q2NdS2
| ^ <
q NdS2
2Ss. Ssl Ssl 2s. 2Ss\
(2.11)
where Nd is the concentration ofdopant atoms in the buffer layer, d is the thickness of the
spacer layer, esi and S2 are the permitivity ofthe buffer and channel layers, respectively,
Eo+ is the electric field on the channel side of the junction, and AEC is the conduction
band gap between the two materials. In this way, the right hand quadrants ofFigure 2.2
will be calculated numerically by Equation 2.8 and the left hand quadrants will be
calculated classically by Equation 2.11.
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Figure 2 2 Band diagram plot. All points along die positive \ a\is
will be calculated numerically while all points along ihe negative n
axis will he calculated classically since there are no quantum effects
in this part ofthe device
2.2.2 Piezoelectric and Spontaneous Polarization
To account for the polarization factor in the Poisson equation (2.1) becomes
dE d ( d 1W ^ ni >
= ss } (x) + P(x)
dx dx[ dx
d2V(x) dP(x)
dx' dx
(2.12)
where P(x) is the total polarization, spontaneous and piezoelectric, at location x. The total
polarization induced at the junction is the difference in the spontaneous (Psp) and
piezoelectric (Ppe) polarizations between the two materials per Equation (2.13) [28,29].
ff = (P*y, <"0 ~ ***>H +[P^ 0> ~ PPEaM (m)) (2. 1 3)
where m is the aluminum mole fraction of the doped material in the system. Given that
the GaN material in the device under consideration is very thick, and the GaN layer is,
therefore, considered to be relaxed, the GaN piezoelectric polarization term is eliminated
so that Equation (2.13) becomes
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Plol= \P(x)dx = Psp -Psp +Ppr"" J *>' MOM '"GolV I I-A (2.14)
where
Psp . (w) = (-0.052m -0.029) [C/m2]
/>., = -0.29 [C/m2]
^a(0)-a(m)^
a(m)
e,3(/)xC, ,(/??) [C/m2].
(2.15)
(2.16)
(2.17)
Each of the AlGaN properties was calculated as an interpolation of the physical
properties ofGaN and A1N per [28]. Here a(0) is the lattice constant where the material is
undoped and a(m) is the lattice constant for the doped material where a(m) is calculated
as
a(m) = (-0.077m + 2.1 89)
xlO'10[m] (2.18)
The piezoelectric constants are represented in Equation (2.17) by e3i and e32 calculated by
g31(w) = (-0.11m -0.49) [C/m2] (2.19)
and
e3i(m) = (0.73m + 0.73) [C/m2]. (2.20)
The terms C)3 and C33 in Equation (2.17) are representative of the elastic constants
calculated as
Cl3(m) = (5mxl05) [GPa] (2.21)
and
C33=(-32m + 405) [GPa] (2.22)
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Once o is calculated, it is converted to Ptot through the calculation
PM=- [1/m3] (2.23)
q
which expresses carriers per cubic meter and can be converted from here to cm"3to fit
into the Poisson equation along with the terms for carriers present at the junction.
This polarization term was added only near the junction of the device, as opposed
to it being accounted for in the bulk of the material or over a large area.
2.3. Schrddinger's Equation
Once the Poisson equation has been solved, other attributes of the structure can be
found, such as the electric field and conduction band profile. The next step through the
cycle is to solve Schrddinger's equation, which [15] and [19] show being done with
matrices, in much the same way that the Poisson equation was solved here. However,
here Schrddinger was solved numerically by way of the shooting method [20]. The mesh
for this portion of the model was changed because the quantum calculations required a
smaller mesh than the Poisson equation portion. The mesh was taken to be 1 A
increments from x = 0 until the point at which the height of the conduction band
surpassed the height of the conduction band discontinuity.
The eigenvalues, or wave functions (*Pj), were calculated by
xj(x) = m*(x) ^f-(V(x)-EJ) +-^ +^-Tlr m (x) m (x-\)
4MX-2)
m (x-\)
(2.24)
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where T/xi) = 0 and lF/x2) = 1, and is the effective mass of an electron at point x
along the channel.
Eigenvalues, or the energy levels present in the potential well (EJ), are calculated
by searching for a value that causes the wave function to converge starting from an initial
value and making small adjustments to this value until convergence is achieved. The
resulting wave functions are normalized as shown in Equation (2.25) [20, 22].
if/(x)
This normalization step ensures that the wave functions satisfy the requirement that
\i//*(x)xy/(x)dx = \ [21,22].
Having solved Schrddinger's equation to find all wave functions and energy
levels for the quantum well predicted from the Poisson equation, n(x) can be found by
[5,10,12,24].
(2.25)
'K*)=E'^kw|:=mrI> l + e
kT
j(x)f (2.26)
where D is the density-of-states, as represented by D = , % represents the wave
jth
h'
wave function of the well, and Ej is the eigenvalue associated with each wave function.
This n(x) is then plugged into the Poisson equation as the
number of electrons in the
channel at location*. This cycle continues in this way until ^n(x)dx ceases to change
significantly. At this point, ns has converged and the band diagram is determined as are
the energy levels of the quantum well.
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2.4. Current-Voltage Plots
The next steps in the coupled Poisson-Shrddinger solution will lead to the final
parameters to develop the current-voltage (I-V) characteristic plots. The gate voltage and
sheet carrier concentration will be refined and will then be used in conjunction with the
model developed in [23], with some minor adjustments to plot the I-V characteristics of
the device. The inclusion ofpolarization along with temperature changes provide a look
at the full range of the performance of the device given these changes.
2.5. Sheet Carrier Concentration vs. Gate Voltage
The numerical model presented will step through the loop presented in Figure 2. 1
until a solution converges. Once the carrier concentration ceases to change significantly,
the loop will stop. As the program continues to the process steps, both ns and Vgb will be
refined until the proper values are found.
Gate voltage is calculated as
VQB =<t>B-<l>C,\ +
rEf-AEc ^
(2.27)
where <j> B is the barrier potential which can be calculated as
tB(m) = (1.3m + 0.84), (2.28)
AEC is the conduction band discontinuity and^oi is the potential difference of the AlGaN
layer at its interface with the gate contact and at the AlGaN/GaN interface, which is
expressed in Equation 2. 1 1 in its position dependent form, but will be taken as the
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difference between the potential at the two specified locations for the purpose of this
calculation.
The Fermi energy, Ef, from the bottom of the conduction band on the GaN side of
the structure at the AlGaN/GaN interface, is being calculated as
Ef=t,-<PB-
(E. \
Son
\ 2
where </> s is the surface potential, <pB is being calculated as
(2.29)
kT
<pB = xln
9
rN\
k". j
(2.30)
and E is the bandgap ofgallium nitride. The resulting gate voltage for a given surface
potential will then be plugged into the current-voltage equation.
For every given surface potential a corresponding sheet carrier concentration, ns,
will be calculated as well. There are two possible ways to calculate this value.
One method involves simply looking at the slope of the potential well. In this
way, ns can be calculated by
,= x^L (2.31)
q
where E , is the electric field at the interface on the GaN side of the junction and sGn is
the permitivity of the gallium nitride.
Another method would be to use the definition that states,
ns = \n(x)dx (2.32)
26
where n(x) is the carrier distribution in the channel that is calculated based on the
Schrddinger equation's resulting wave functions as calculated in Equation (2.26).
2.6. Temperature Dependence
Temperature effects are very important to consider given that the resistances in
the materials alone can cause self-heating, which can raise the temperature of the device
enough to alter material parameters. Knowing how a given device will respond to these
changes will ensure that it is designed to perform as expected on paper as well as in its
physical form. To account for temperature dependence several of the material parameters
were adjusted from constants to their temperature-dependent form.
The intrinsic carrier concentration is overtly a function of temperature by
E.
,=W 2kT}- (2-33)
Beyond the explicit temperature dependence of the temperature in the exponential of the
equation, several of the terms within the equation are temperature-dependent as well.
Per [25], the bandgap ofeach material changes with temperature according to
T2
E(T) = EQ (0)-7.7xl0^x [eV] (2.34)gy ' sowv r+600
for the GaN material where Eg(0) = 3.47 eV for wurtzite GaN, and for A1N
T2
E (T) = E (0)-
1.799x10"'
x [eV]. (2.35)*"y ' s 7 + 1462
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Eg(0) was not given explicitly for A1N, so it was taken as 6.2219 eV in the model being
presented, as that value provides the proper bandgap for the material at 300K per the
equation.
It should be mentioned here that when obtaining certainmaterial properties, such
as bandgap, ofAlGaN, Vegard's Law is used by which a linear interpolation based in the
percentage ofA1N and GaN is used to determined what percentage ofeach material
contributed to the given property. Using Vegard's Law, the temperature dependent
calculation for the bandgap for AlGaN would be calculated as
^, (D =*(^ <?)) + a - *x^ (D) (2.36)
Other material parameters would be calculated in the same manner.
The conduction band and valence band density of states (Nc and Nv respectively)
are also temperature dependent as defined by
GaN: Nc xT'2 [cm"3] (2.37)
Nv=S.9xlOl5xT'2 [cm"3] (2.38)
AN: Nc= 1.2x10l'xr2 [cm"3] (2.39)
Vv=9.4xlOl6x7^ [cm"3]. (2.40)
Again, Vegard's Law is used here to determine the material properties ofAlGaN.
The conduction band discontinuity between the GaN and AlGaN materials will
vary with temperature when it is taken as
AE=0.7(Ee -Ee ) (2.41)e v Saigon Sgh ' v '
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per [28] and [23].
The equation used to calculate mobility in this model was extracted from a
temperature dependent plot in [33]. Only a small portion of the mobility plot was needed
and limiting the information used to extract an equation served to refine the final
expression and ensured that it would produce relevant results. Equation (2.42) is the
resulting equation that will be used to represent mobility in the model.
//(r)=(3xl08)xr21154 (2.42)
There is a relationship for the temperature dependence of the lattice constant as
well, as [30] shows, however, no source, including this one, explicitly gave that
relationship for GaN in particular. However, an equation was extracted from a plot in
[25]4.
This plot was reproduced in Figure 4.13.
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Chapter 3: The Model and Device Properties
The model presented was first developed for an AlGaAs/GaAs heterojunction.
This GaAs based model was then updated with the necessary changes to create an
AlGaN/GaN junction. The properties ofeach of these devices are shown in Table 3.1 and
3.2.
The basic structure of the device is the same for each of the heterojunctions. As
depicted in Figure 1 .la, a single well heterojunction is considered. If there were to be
more wells, there would be multiple levels ofalternating buffer layers and channel layers
until the desired number ofwells was achieved.
The AlGaAs structure was developed per the parameters specified in [31]. The
device in question was presented for both an aluminum mole fraction of0.26, the 3468
device, and 0.28, the 3469 device. The focus for the purpose ofbuilding the present
model was the model built on the 3469 device.
The buffer layer thickness was set at 400 A with a spacer layer thickness of65 A.
Though in the ideal case there would be no doping to the channel layer, even in the best
processes, there will be some level ofdoping to the channel layer by nature of the
material growth process. This unintentional doping (UID) level was not specified in the
paper; however, one was selected based on the value that aligned the calculated results
with those presented in [31]. Also note that this unintentional doping concentration is
used for both the spacer layer and the channel layer. The doping level of the buffer layer
was specified at 0.6x
1018
cm"3. For the mole fraction of0.28, a conduction band
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discontinuity of280 meV was specified. It should be noted that a channel layer thickness
was called out to be 8000A; however, rather than using the assigned value, the model
calculated a channel layer thickness based on the depletion region of the channel layer as
described in Chapter 2.
Table 3.1: AlGaAs/GaAs heterojunction material properties
Material Property AlGaAs/GaAs Heterojunction
AluminumMole Fraction 0.28
Doping Concentration [cm3] 0.6xl018
Unintentional Doping Concentration [cm3] lxlO11
Buffer Layer Thickness [A] 400
Spacer Layer Thickness [A] 65
Channel Layer Thickness [A] 8000
Conduction Band Discontinuity [meV] 280
The AlGaN/GaN heterojunction material characteristics were based on those
provided in [5], which are listed in Table 3.2. Sacconi et al tested their model for
aluminum mole fractions of0.1, 0.2, 0.3 and 0.4. The model to be presented only used
the first three as these represent the more common range ofmole fractions used in
devices to ensure the fewest defects in the device. The buffer layer was set at 150 A, with
a spacer layer of50 A. The doping concentration of the AlGaN layer is 1 x
1018 cm"3
with
an unintentional doping concentration of 1 x
IO17
cm"3. As with the GaAs-based
heterojunction, the channel layer thickness was calculated based on the depletion region
depth. In the case of [5] no channel layer depth was specified except to say that it was
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sufficiently thick so that all potential effects were confined in the channel layer, so this
assumption seemed to be justified.
Table 3.2: AlGaN/GaN heterojunction material properties
Material Property AlGaN/GaN Heterojunction
Aluminum Mole Fraction 0.1,0.2,0.3
Doping Concentration [cm3] lxlO18
Unintentional Doping Concentration [cm"3] lxlO17
Buffer Layer Thickness [A] 150
Spacer Layer Thickness [A] 50
Channel Layer Thickness [A] 2xXdepl
Conduction Band Discontinuity [meV] 170,330,510
Finally, the conduction band discontinuity was set at 170 meV, 330 meV, and
510 meV for aluminum mole fractions of0.1, 0.2, and 0.3, respectively. The assumption
for these devices is that the junction is abrupt. Fermi-Dirac statistics are used to calculate
the carrier distribution. The cap layer present in Figure 1.1a was not included in the
calculations for the model. Also, as previously mentioned, the model assumes no activity
on the back end of the device, though that can be changed by adjusting Equation (2.27) to
include bias effects on the body.
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Chapter 4: Results and Discussion
4.1. Introduction
4.2. The Poisson Equation
4.3. Schrddinger's Equation
4.4. Sheet Carrier Concentration vs. Gate Voltage
4.5. Current-Voltage Results
4.6. Temperature Dependence
4.1. Introduction
This chapter will show the calculated results as the model progresses through the
system ofequations as outlined in Figure 2. 1 . This chapter will first explore the plotted
solutions for the Poisson equation, followed by those for Schrddinger's equation. Next
the resulting sheet carrier concentration and the gate voltage will be reviewed; after
which the mobility and the I-V results will be presented. Finally, temperature dependence
will be discussed.
While a model representing the behavior ofa GaN-based heterojunction was
sought, the best place to start seemed to be a simpler, yet similar problem; that of
developing a model for a GaAs-based model. The constants used in the models are
outlined in Table 4.1.
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Table 4.1: Physical Properties
Constant Value Reference
Temperature, T [K] 300 Assigned
Electron Charge, q [C] 1.6el9 [1], [19]
Boltzmann's Constant, k [J/K] 1.3805e-23 [1], [19]
Plank's Constant, h [J-s] 6.63e-34 [1], [19]
Reduced Plank's Constant, h [J-s] 1.05458e-34 [1], [19]
Free ElectronMass, mo [kg] 9.11e-31 [1], [19]
Density ofStates, D
[cm2J"1
] 1.743e32
While AlGaAs-specific parameters, such as bandgap and conduction band discontinuity
have grounded equations, as mentioned in Chapter 2, Vegard's Law was used to calculate
those parameters for the AlGaN/GaN heterojunction.
4.2. The Poisson Equation
To start off this system ofequations, the size and shape of the quantum well must
be determined. Equations (2.9) and (2.10) provide the means to do this. The results are
shown in Figure 4. 1 .
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Figure 4. 1 Conduction band profile from the buffer material through the bulk
of the channel material for an AlGaN/GaN heterojunction device.
The numerical solution for the GaN side of the junction represents the diagram
from the conduction band discontinuity into the bulk of the material. The AlGaN side of
the junction was solved with the classical equation. Initially, the fact that it did not have
the "bowl" shape that very commonly appears in the representation of the wide bandgap
material portion of the band diagram for a heterojunction was a concern. However, a
comparison to the plot in [5] proved that it was a good match. The slope of the AlGaN
conduction band is very steep as compared to the more curved version obtained in the
AlGaAs version of the plot. This can be attributed to the higher field resulting from the
polarization charges.
Note also that the divergence of the bulk material conduction band plot that was
mentioned earlier was, in fact, solved by using the matrix form of the Poisson equation.
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4.3. Schrddinger's Equation
Once the band diagram is established, the well can then be used to solve
Schrddinger's equation per Equation (2.24) to calculate the wave functions and
eigenvalues of the system. Figure 4.2 shows the resulting wave functions for a given
temperature and voltage.
Boundary conditions were set here by forcing \|/(1) = 0 and \(/(2) = 1 . To ensure
that the system converged, the model checks the progress of the equation updates until
the final point reaches some pre-defined value that is considered to be sufficiently small.
Using the last point of the mesh proved to be problematic in some cases because while
the last mesh point did not converge, in these cases, points before that did. An alternative
method was to view the wave functions from some distance in from the last mesh point.
Distances anywhere from 50 A to 100 A were used to test this method. This method did
work, but upon further refining Schrddinger's equation, it proved unnecessary.
Figure 4.2 Eigenfunctions plotted through SchrOdinger equation when fed the conduction band profile.
Each curve corresponds to an energy level in the quantum well.
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Figure 4.2 shows the resulting wave functions for each of the three energy levels in
this well. Notice that each subsequent wave function is smaller than the one before it with
the first wave function being much larger than any of the others. This is an indication of
the relative concentration ofcarriers at each energy level. The wave functions are then
scaled per Equation (2.25) as shown in Figure 4.3.
Device Depth (A)
Figure 4.3 Scaled wave function plot. The values from these scaled wave functions will determine the carrier
concentration in the channel per Equation (2.26).
This scaling makes the wave functions all approximately the same in magnitude and
ensures that they fulfill the requirement that
jV*
(x) x y/(x)dx = 1 . From here, carrier
distribution and sheet carrier density can be found.
4.4. Sheet Carrier Concentration vs. Gate Voltage
The carrier distribution found through Equation (2.26) is shown in Figure 4.4.
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Figure 4.4. Carrier concentration as a function ofmole fraction for m = 0. 1 , 0.2,
and 0.3. As the mole fraction rises, so does the total number ofcarriers.
As can be seen here, the plots are in good agreement with those obtained in [5].
The classical approach to carrier distribution takes the carrier concentration peak right at
the AlGaN/GaN interface. This distribution is obtained through Fermi-Dirac statistics and
as such shows the distribution ofcarriers based on the probability ofan electron being
present at location x. The carriers are strongly confined to the well but there is an
increasing probability, moving from the gate/buffer interface towards the spacer/channel
interface, of finding an electron in the buffer layer.
The fact that it would be possible to find electrons in the buffer layer side of the
junction highlights the importance ofensuring that the spacer layer is thin enough to
allow the electrons to pass through to the channel. Though the slope of the AlGaN
conduction band may not support confining electrons to a secondary well, this would be a
general concern for any buffer material band structure having that
"bowl"
shape to it. In
that case, any electrons that may exist outside of the quantum well could get trapped in
that bowl and form a parasitic channel, thus taking power away from the device.
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By comparison, Figure 4.5 shows the electron concentration for a device doped to
1x10 with a mole fraction of0.28. In this case the device parameters were changed
to match those used for the AlGaN/GaN device for a better comparison.
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Figure 4.5. Carrier concentration ofAlGaAs/GaAs concentration where the buffer
material is doped to 1 x IO111 cm"3and the mole fraction is 0.28. Buffer layer thickness is
150 A and the spacer layer thickness is 50 A.
Though the mole fraction is 0.02 below the comparable plot for the 0.3 curve for
GaN, it is apparent that there is quite a large difference between the two heterojunctions.
Where GaN reached a peak ofapproximately
8><1019
cm"3, the GaAs device only made it
to 2x
IO19
cm"3. The extra carriers in the GaN based device can be attributed to the extra
polarization charge as well as the deeper quantum well due to the conduction band
discontinuity (0.51 for GaN vs. 0.28 for GaAs for their respective mole fractions). These
extra carriers would lend themselves to supporting these results.
To test the relationship between sheet carrier concentration and gate voltage for
GaAs, [31] was used to verify the results. Figure 4.6 shows the results.
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Gate Voltage (V)
Figure 4.6. Sheet carrier concentration vs. gate voltage for the AlGaAs/GaAs device per the parameters
specified by Vinter [31]. The solid line represents a device an aluminum concentration of0.26, an AlGaN
thickness of550 A, and a spacer layer thickness of75 A, while the dashed line is a device with an
aluminum concentration of0.28, an AlGaN thickness of400 A, and a spacer layer thickness of65 A.
Though there are some discrepancies between the plots in Figure 4.6 and those in [31]
towards the lower ns values, particularly in the 3468 device, the data is much closer for
the larger ns values. As can be seen, the model is not very strong in the sub-threshold
region.
Also, from the plot in [29] showing how the thickness of the buffer layer affects
the relationship between sheet carrier density and gate voltage, a similar plot was done
for the GaAs device as shown in Figure 4.7.
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Figure 4.7 Carrier concentration vs. Vgb with varying thickness for the 3469 GaAs device described in Figure 4.6.
These results cannot be compared quantitatively with the plot in [29], as they are
made from two different materials; however, qualitatively it is apparent that the results
hold. As the buffer layer thickness gets larger, the gate voltage for a given surface
potential gets smaller. This would indicate that it takes less voltage to generate carriers,
which makes sense because there would be more carriers available for conduction with a
larger buffer layer. Physically, increasing the buffer layer thickness will affect q&Gi, the
difference between the potential at the gate and that at the AlGaAs/GaAs interface. This
change in the potential difference gets larger - because the gate voltage would have less
effect on the junction interface potential - causing the gate voltage to be more negative to
create a specific concentration ofcarriers as the buffer layer thickness increases. Note,
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too, that although the step size of the buffer layer thickness increase is constant, the
curves experience a larger shift as the thickness get larger.
The ns vs. VGB plot for the AlGaN/GaN junction is shown in Figure 4.8.
Vgb (V)
Figure 4.8. Carrier concentration vs. gate voltage for the AlGaN/GaN heterojunction [27],
The results shown in Figure 4.8 are the results for Equation (2.31) rather than
Equation (2.32) as the former results matched better with the experimental data in [27].
Again, the results are fairly well matched to the results obtained in [27]. The worry here
was that the results for the 0.2 and 0.3 aluminum mole fraction versions did not quite
match up. While the plots did shift so that the same sheet carrier density was obtained
with more negative values of the gate voltage as the mole fraction increased, the
difference was not apparent to the extent that was expected.
42
Another concern was that Figure 4.7 could not be successfully duplicated in the
case of the GaN based device. As such neither mole fraction nor buffer layer thickness
had as much of an impact on the ns vs. VGb plots as expected.
4.5. Current-Voltage Results
The plots obtained for the current-voltage characteristics here cannot be directly
compared to those in [5] because different mole fractions were used. However, the
relative differences between the two plots in [5] and [27] for mole fractions of0.2 and 0.4
can provide some sense of the validity of the plot obtained from the program being
presented. Similar I-V characteristic plots were provided in [23] using a more appropriate
mole fraction. The parameters used for that device were plugged into the current model
for a more precise comparison.
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Figure 4.9. Current-Voltage characteristics based on the AlGaN/GaN device with a mole fraction of
0.1 and doping concentration of 2x10" cm"3. The dashed lines represent the experimental data
obtained from [23] while the solid lines are the curves calculated by the model.
Comparing the plots obtained with those found in the work ofSacconi et al those
produced by the model seem to follow the trend. In their work, in going from an
aluminum mole fraction of0.4 to one of0.2, there was a very significant shift in the
range ofgate voltages that could be represented as well as in the current that could be
obtained for a given gate voltage. Per the results gained here, there was, in fact, both a
drop in the gate voltage range that could be represented as well as in the current ranges
that could be represented given those gate voltages. Figure 4.9 shows the calculated
curves with respect to the experimental data from [23].
Figure 4.10 shows the resulting IDS vs. VGs curve.
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Figure 4.10. Current vs. Gate voltage characteristic. Aluminummole fraction is 0.1, dopant
concentration is 2el8 cm"3, AlGaN thickness is 220 A, and spacer thickness is 30 A. The solid line is
the calculated curve while the dots represent the experimental data per [23].
4.6. Temperature Dependence
As another check in the behavior of this device, temperature dependence was
observed. First, temperature effects on more basic parameters were explored.
The change in GaN bandgap will affect the conduction band discontinuity, the
intrinsic carrier concentration, and the Fermi energy level. The results are shown in
Figure 4. 11 [25].
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Figure 4.11 GaN bandgap as a function oftemperature.
The temperature effects on intrinsic carrier concentration were also explored. The
resulting plot is shown in Figure 4.12 [25].
Figure 4.12 GaN intrinsic carrier concentration as a function of temperature.
The intrinsic carrier concentration will affect the calculation for the intrinsic carrier
concentration of the AlGaN material, the initial channel electron concentration
calculation, per Equation (2.25), and the Fermi level.
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Though no explicit equation was found for the change in the lattice constant with
temperature, an equation was extracted from a plot in [25], which is represented in
Figure 4.13.
3.1962
3.1941
3.192
< 3.1899
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Figure 4.13. Change in lattice constant with temperature as obtained from [25].
As can be seen in Figure 4.13, the change in the lattice constant between 300 K and
750 K is approximately 0.007. The range of temperatures used in this model is 300 K to
500 K, so the actual range of fluctuation observed here is only 0.003. This change is
rather insignificant as it pertains to this model.
The plots ofFigures 4.1 1, 4.12, and 4.13 are the base changes that will occur in
the device and will affect the charge and current characteristics that are subsequently
calculated.
Figure 4. 14 shows that a change in temperature will have a rather small effect on
the charge characteristics.
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Figure 4.14. Change in charge characteristics with temperature.
It can be seen that increasing temperature causes a slight negative shift in the gate
voltage. This says that less voltage is needed to produce a given current in the device
when the device is at a higher temperature. This makes sense as ionic bonds will break
more often at higher temperatures making more carriers available, so as the temperature
rises, less gate voltage is needed to make a given number ofcarriers available [34, 35].
Figure 4.15 shows the I-V characteristic changes with temperature.
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Figure 4.15. Current-Voltage characteristics for 300K, 400K, and 500K. Each Temperature-
dependent family ofcurves are for V0s values of 1 V, 0 V, -1 V, and -2 V from top to bottom.
As temperature rises, the I-V curve families fall. As temperature increases, mobility will
decrease because the number ofcollisions between electrons will increase. This translates
to a drop in the observed current per Figure 4.15.
Finally, the change in the Ids vs. Vgs curve with temperature is shown in Figure
4.16.
Figure 4.16. IDS-VCs change with temperature.
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The Ids vs. Vgs curve drops as temperature increases. This trend follows that of [32]. This
plot shows both the decrease in overall current produced with increased temperature as
well as the difference in the applied bias required to achieve a given current for each of
the different temperatures represented.
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Chapter 5: Conclusions and FutureWork
5.1. Conclusions
5.2. Future Work
5.1. Conclusions
A numerically based model was proposed to calculate the various device
behaviors and attributes ofan AlGaN/GaN heterojunction device. The model used the
finite-difference method to solve both Schrddinger and Poisson equations as these
equations fed each other until a solution converged providing a range ofgate voltages and
sheet carrier concentrations that could then be used to find the I-V characteristics of the
given device.
The GaAs-based model gave a strong showing in the results obtained from
Poisson and Schrddinger equations. Results obtained in [29] and [31] support the results
obtained with the model for the GaAs-based material. Though no resource explicitly
showed exact quantitative results for a device of the given size and doping concentration,
devices with similar properties fell within the same general range as far as peak carrier
density for the distribution plot [10] in Figure 4.5.
Though more definitive data was not readily available for the GaAs device, the
success of the respective plots for the GaN model shows that the GaAs plot is likely
correct as it shows that the Schrddinger equation consistently returned the eigenvalues
and eigenfunctions expected for GaN and the expected range for GaAs.
The GaAs-based model also did well when tested for changes in buffer layer
thickness. The plots varied as expected per [24] and [29]. When this same exercise was
51
performed for GaN, however, the results did not vary as much as expected. This was an
interesting development as the GaN based model seemed to be much more sensitive to
some changes in general, such as surface potential and even the conduction band
discontinuity to a greater extent than expected; however in the case ofa change in the
buffer layer thickness, little change was seen. When a good ns vs. Vgb plot was attainable,
it seemed to produce good I-V curves, as would be expected.
This model is intended to ultimately accommodate any set ofmaterial parameters.
It seems to work fairly well in the case ofAlGaN, but needs more development to
account for changes in temperature and buffer layer thickness to ensure that the ns vs. Vgb
parameters are calculated correctly to ensure proper I-V plots.
5.2. Future Work
There are several areas that can be explored to improve upon this model as listed
below.
1) Some authors handled the Poisson and/or the Schrddinger equation in two or three
dimensions. This could be done in future work to increase the accuracy of the
model.
2) Compare N-faced and Ga-faced structures to explore the strengths and
weaknesses of the devices. Ultimately the chemistry and physical properties of the
two structures will differ. This was explored in [5] to some extent. Adding it to
this model could allow for a side-by-side comparison ofmore parameters.
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3) One of the themes that came up consistently was the use ofmulutiple wells to
improve upon device performance. Adjusting this model to handle multiple
conduction layers to maximize device performance would be an interesting area
to explore in the equation system.
4) Shur [24] talked about grading of the conduction channel rather than having an
abrupt interface. This may add more difficulty to the model. The larger potential
well will provide more electrons for conduction, but a potential problem with this
endeavor is that the interface barrier height would be reduced and would decrease
the 2DEG for long grading lengths. An optimal grading length would have to be
found.
5) Investigate scattering mechanisms more to make the mobility equation more in
line with the particular device under investigation.
6) Include 5-doping to explore the improvements seen in [8, 9, 10].
These represent just a few of the improvements that could be applied to this model in the
future. Ultimately, it is hoped that due to the design of the model by changing the
applicable values (doping concentration, material specific parameters, voltages, etc) this
model would be able to handle just about any material combination presented to it. The
transition between GaAs and GaN-based structures is a start. More material combinations
would have to be tested to achieve this goal.
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